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Abstract--It was previously demonstrated that single frequency bio-electrical impedance (BIA) measure- 
ment at 50 kHz is a useful method to assess total body water (TBW) in patients with chronic obstructive 
pulmonary disease (COPD). In the present study it was examined whether bio-electrical impedance 
spectroscopy (BIS) could predict extracellular water (ECW) and improve the prediction of TBW in these 
patients. 
TBW and ECW (corrected bromide space) were measured by deuterium and bromide dilution. In 37 
COPD patients prediction equations were obtained using BIS (5-500 kHz) measurements, and these were 
cross validated in a second group of 40 COPD patients. All patients were in a clinically stable condition. 
TBW predicted by BIS was not significantly different from actual TBW and demonstrated a comparable 
standard error of estimate (SEE) as found previously in healthy subjects (d correlation coefficient: 
r = 0.88, SEE: 2.3 L, $ r = 0.85, SEE: 2.9 L). Predicted ECW using BIS-measurements was not significantly 
different from measured ECW (d' r = 0.75, SEE: 1.4 L, (2 r = 0.73, SEE: 1.2 L), but the error in the prediction 
was relatively large and the correlation between predicted and actual ECW relatively low compared to 
most studies in healthy subjects. 
Predicted TBW using BIS was comparable to actual TBW, but presented no improvement of the 
prediction of TBW using BIA at 50 kHz and a patient specific regression equation. The error of the 
prediction of ECW by BIS limits the ability to predict fluid shifts in individual patients with clinically stable 
COPD. 
Key words: Chronic obstructive pulmonary disease; Total 
body-water; Extracellular body-water; Body composition; 
Bioelectrical impedance spectroscopy 
Introduction 
Several chronic and acute disease states are accompanied 
by marked changes in body compartments. The estimation 
of the body compartments is not only of importance in 
research, but also in the clinical situation. Numerous body 
composition methods are presently available, but most 
of these are either too sophisticated, too inconvenient 
(especially for bed-ridden subjects), time consuming or 
require large and stationary equipment, often at high 
cost, which make these methods unsuitable for clinical 
practice. 
Therefore, the estimation of body composition by bio- 
electrical impedance (BIA) represents a simple, practical 
and convenient method. Since the 1980s numerous studies 
have been performed to predict total body water (TBW) 
using BIA at 50 kHz, but it appears that this technique 
involves several drawbacks. The standard error of estimate 
of BIA is usually 1-3 1 (1), which limits the ability to 
measure small effects of intervention on body composition 
(2, 3). Furthermore, the use of BIA at 50 kHz to measure 
the resistance of TBW has been questioned (4, 5), since the 
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frequency at which the current flows through both extra- 
cellular water (ECW) and intracellular water (ICW) may 
differ between individuals, and is probably higher than 
50 kHz. Finally, TBW measurements may be misleading 
in case of a deviating ECW/ICW distribution following 
disease or severe starvation (6-8). 
Theoretically, the resistance of intracellular and extra- 
cellular water can be obtained by bio-electrical impedance 
spectroscopy (BIS). Using BIS the resistance of the 
body can be measured at a spectrum of frequencies. At 
low frequencies the current flows primarily through ECW 
because the capacity of cell membranes is minimized, 
whereas at high frequencies the current passes also through 
ICW (9, 10). It is hypothesized that, in order to predict 
TBW, it is more accurate to use the resistance of TBW 
obtained by BIS than the resistance at 50 kHz, because 
theoretically the latter is a suboptimal representative of 
the resistance of TBW. Until now, the BIS has been pre- 
dominantly evaluated in healthy subjects (10-15), but 
the accuracy to measure body-water compartments should 
particularly be tested in wasting conditions associated with 
subtle to marked fluid shifts such as in patients with chronic 
obstructive pulmonary disease (COPD). 
The purpose of this study was to examine whether body- 
water compartments using BIS-measurements (ranging 
from 5 to 500 kHz) are accurately predicted in patients 
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with severe COPD, using (isotope) dilution methods as a 
reference. In a first patient group, prediction equations 
based on BIS measurements were built, and these were sub- 
sequently cross validated in a second COPD study group. 
Methods 
Patients 
Firstly, 37 patients (23 d) with moderate to severe COPD 
(16) were studied. The body mass index (BMI: weight/ 
height 2) ranged widely from 13.6 to 31.0 kg/m 2 (Table 1A). 
Prediction equations derived from this study population 
were tested in a second group of 40 (326) COPD patients 
(Table 1B). 
All patients were referred by a pulmonary physician 
to the rehabilitation center for pulmonary rehabilitation, 
in a stable clinical condition. None of the patients had 
a respiratory tract infection or clinically visible signs of 
oedema at the time of the study. When the measurements 
were performed the patients did not receive any diuretic 
medication. Patients exhibiting an increase in forced ex- 
piratory volume in 1 s (FEV1) > 10% of baseline after 
inhalation of a [32-agonist or those suffering from cancer, 
unstable pulmonary or cardiac conditions, active gastro- 
intestinal abnormalities, recent surgery, or severe endocrine 
disorders were excluded from the study. The study was 
approved by the local ethical committee. Procedures 
followed were in accord with the Helsinki declaration from 
1977 as revised in 1983. 
Table  1A Characteristics of the first patient group 
Total Males Females P value* 
n = 37 23 14 
FEVa (%pred) 37.6 + 13.8 36.0-+ 15.0 40.0-+ 11.6 ns 
FVC (%pred) 82.0-+ 15.8 79.4 .+ 17.6 86.3 + 11.5 ns 
Age (yr) 65 -+ 9 65 -+ 8 65 -+ 10 ns 
BMI (kg/m 2) 22.4 -+ 4.2 22.6 -+ 3.7 22.1 -+ 5.1 ns 
TBW (L) 30 .8+5 .1  33.4-+3.9 2 6 . 4 + 3 . 8  P <0.001 
ECW (L) 13.2 -+ 2.1 13.9 -+ 2.2 12.2 -+ 1.6 P = 0.05 
ECW (% TBW) 43.5 -+ 5.3 41.6 -+ 5.4 46.5 .+ 3.7 P < 0.05 
*difference between males/females. 
FEV~: forced expiratory volume in 1 s; FVC: forced vital capacity; BMI: 
body mass index; TBW: total body water; ECW: extracellular water. 
Body composition 
Body height was determined to the nearest 0.5 cm (Lameris, 
WM 715, Breukelen, The Netherlands) with subjects 
standing barefoot. Body weight was measured with a beam 
scale to the nearest 0.1 kg (SECA, FRG) with subjects 
barefoot and in light clothing. 
To measure total body water each patient received a 
weighted 1 gram/L estimated TBW (17) oral dose of deu- 
terium labelled water ( D 2 0 : 9 9 . 8 4  atom percentage excess) 
mixed into = 50 ml water. For the estimation of extra- 
cellular water 60 mg sodium bromide (NaBr) per litre 
estimated TBW was added to the deuterium dose. Patients 
received this 'cocktail' in the late evening around 10 pm. 
Just before and approximately 10 h later a venous blood 
sample and an urine sample (from second voiding) were 
obtained (18, 19). Urine was analyzed for deuterium with 
an isotope ratio mass spectrometer according to the standard 
Maastricht protocol (19). Deuterium dilution space was 
calculated from the quantity of administered D20 the 
urine D20 concentrations following complete distribution. 
TBW was calculated from these values by applying a 
conversion factor of 1.04. This correction accounts for 
exchange of labile hydrogen that occurs in humans during 
the equilibrium period (20). 
Bromide concentration in serum ultrafiltrate was deter- 
mined with HPLC, and ECW was estimated by the 
corrected bromide space (CBS) that was calculated from 
the quantity of administered bromide and the concentration 
of bromide in the background blood sample and the 
blood sample after complete equilibrium as described by 
Lichtenbelt et al (18). CBS was calculated correcting for 
the bromide in the non-extracellular sites (0.90), and the 
Donnan equilibrium (0.95). 
Bio-electrical impedance spectroscopy measurements 
(BIS) 
Bio-electrical measurements were taken using a four- 
surface-electrode technique in the early morning at a 
standardized time, the same day isotope dilution was 
performed. Measurements were made while the patients 
were lying comfortably on a polystyrene mattress, with 
the legs separated, and the arms relaxed aside, not touching 
Table  1B Characteristics of the second patient group 
Total Males Females P value* P value # 
n = 40 32 8 
FEV 1 (%pred) 40.3 _+ 16.8 37.9 -+ 15.6 49.9 -+ 17.8 P = 0.05 ns 
FVC (%pred) 87.9 +- 16.2 86.7 + 16.2 87.9 +- 16.2 ns ns 
Age (yr) 65 -+ 9 67 -+ 8 60 -+ 9 P = 0.05 ns 
BMI (kg/m 2) 23.9 -+ 4.4 24.0 -+ 3.9 23.6 -+ 6.3 ns ns 
TBW (L) 34 .3+5 .1  35.6-+4.6 29.3-+4.2 P <  0.001 P <0.01 
ECW (L) 15.1 -+2.3 15.8 -+ 1.9 12.6-+ 1.6 P < 0.001 P <0.01 
ECW (%TBW) 44.2 -+ 4.1 44.5 -+ 4.0 43.2 -+ 4.6 ns ns 
*difference between males/females. 
#difference between groups 1 and 2. 
FEVI: forced expiratory volume in 1 s; FVC: forced vital capacity; BMI: body mass index; 
TBW: total body water; ECW: extracellular water. 
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the trunk. The electrodes (Tracets MP3000, LecTec 
Corporation, Minnetonka MN) were placed at the right side 
on the hand and the foot as described by Lukaski et al (21). 
Impedance was measured using a bio-electrical impedance 
spectrometer (Xitron 4000b, Xitron technologies, San 
Diego, California) at a spectrum of 48 frequencies ranging 
from 5 to 500 kHz. 
Pulmonary function tests 
Lung function tests consisted of flow volume measure- 
ments (forced expiratory volume in 1 s: FEV1, forced vital 
capacity: FVC). The highest value of at least three measure- 
ments was used and expressed as a percentage of the 
reference value (22). 
Theoretical considerations 
The electrical impedance of the body is measured by intro- 
ducing a small alternating current through the body and 
measuring the difference in potential. An alternating 
electrical current flows through the body by different 
physical mechanisms. The current flows through physio- 
logical fluids by the movement of ions. This movement 
is opposed by viscosity and other effects, which can be 
modelled electrically as a resistance. In addition, the applied 
current will charge cell membranes and other interfaces, 
which can be modelled electrically as capacitors. Thus, the 
impedance (Z) of the body can be modelled by an equi- 
valent electrical circuit with a parallel combination of capa- 
citive (resulting in the reactance: X) and resistive elements 
(resistance: R), where the absolute value of Z = (X 2 + R2) °5 
and arctan (X/R) is its phase angle (23). The impedance is 
strongly dependent on the frequency of the alternating 
current. At low frequencies, the bio-electrical current 
flows primarily through extracellular fluids and reactance 
is minimized since the capacitant aspects of body cells (cell 
membranes, tissue interfaces) are thought to be bypassed. 
As frequency increases the capacitant properties start to 
retard the current, producing an increase in reactance. The 
capacitant effects reach a peak with a maximum reactance 
value, but as the frequency of the current increases the 
current penetrates all body tissues completely, since at high 
frequency the rate of charge and discharge becomes such, 
that the effect of the capacitance is diminished to insigni- 
ficant properties (23, 24). With increasing frequency, the 
resistance will decrease, because the amount of conducting 
volume is increasing. A plot of the resistance versus the 
reactance of tissue, as a function of frequency, characteristi- 
cally forms a semicircular arc, the center of which is 
depressed below the real axis. This frequency dependence 
of the complex Z can be modelled empirically by the Cole- 
Cole equation. From this equation the resistance of ECW 
(Recw) and of TBW (Rthw) at respectively zero and infinity 
frequency can be obtained. Considering that in the electrical 
model used, the Recw and Ricw are linked parallel, the 
Ricw can be calculated from the Recw and Rtbw (Rtbw -- 
(Ricw*Recw)/(Ricw + Recw)) (23). In the present study 
Recw and Ricw were obtained using the software provided 
by the manufacturer previously described in detail (24) 
which models the impedance and phase angle spectra data 
into the Cole-Cole model, using nonlinear curve-fitting, and 
adjusting for the time delay caused by the speed at which 
electrical information is transfer-red through a conductor. 
The prediction of ECW and TBW using Recw and 
Ricw depends on the underlying theory. The theory most 
frequently used is based on the principle that the complex 
impedance (reactance and resistance) of a conducting 
cylinder is related to its length (L), cross-sectional area (A), 
the frequency of the signal and the resistivity of the material 
(p). At a specific fixed frequency therefore: Z = p*(L/A), 
by multiplying this equation by L/L, the equation of the 
volume of a conducting cylinder becomes p*(Lz/Z) (23). 
If the contribution of the reactance is neglected (because 
it is usually small) the volume of a conducting cylinder is 
related to p*(L2/R) (1, 23), where L is estimated by height. 
The ratio height2/resistance is usually referred to as the 
resistivity index (RI). 
In the second theory, based on emulsion sciences, the 
apparent resistivity of a conducting material is also thought 
to be dependent on the restricting concentration of non- 
conductive material in the suspension: p=p0/(1-C) 3/2, 
where 9 is the apparent resistivity of the conductive 
material; 9o is the actual resistivity of a conductive material; 
and C is the volumetric concentration of the nonconductive 
marterial contained in the mixture (24). An extensive 
explanation of this theory is described by Hanai as well as 
by Lorenzo et al (24, 25). Until now there has been no 
uniformity concerning the theory used to obtain the predic- 
tion of body water compartments, we tested both the theory 
using the RI and the theory based on emulsion sciences. 
Based on the above mentioned theories the following 
equations were tested: 
1. 
. 
The relationship between height2/Rtbw and TBW, 
height2/Recw and ECW were determined from the first 
group of patients and subsequently used to predict TBW 
and ECW in the second group of patients. 
The prediction formulas for TBW and ECW based on 
the theory of Hanai. The equations have been described 
in detail previously (24). There are several constants 
used in these equations, which are based on assump- 
tions, as described by Lorenzo et al (24). These equations 
are built on an assumption concerning the volumetric 
concentration of non-conductive elements in the body at 
low and high frequencies, an assumption concerning 
the calculation of total body volume, the assumption 
that the constants used in the equation are not variable, 
and that the Hanai equation can be applied at high and 
low frequencies to mixtures found in the human body. 
The constants involved in the prediction equation are a 
correction factor (KB) for a whole body measurement 
between wrist and ankle and a constant for body density. 
Furthermore, the equations are built on the assumption 
that the total volume of a body fluid can be described 
as: KB*pF*(L2/R), where PF represents the resistivity of 
the water. Therefore, in these formulae ECW and ICW 
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resistivity constants are used. However, these coefficients 
were derived by the manufacturer using other reference 
methods than our own. Therefore, the standard resistivity 
coefficients were replaced by resistivity coefficients 
calculated from our first patient group. TBW and ECW 
were subsequently predicted from the formulae provided 
by the manufacturer and the patient-specific resistivity 
coefficients. 
Data analysis 
Results are given as mean _ SD. Correlation coefficient 
analysis was performed to test the linear relationship 
between variables. Multiple regression analysis was 
performed in order to obtain partial correlations and pre- 
diction equations. Differences between groups 1 and 2, 
or men and women were tested with a Mann-Whitney U 
test. Differences between actual and predicted body-water 
compartments were analyzed with a paired t-test and 
following the procedures suggested by Altmann & Bland 
(26). To compare two methods, the mean difference or the 
mean underestimation or overestimation from 0 (=bias) was 
calculated. In addition, the SD of the mean difference 
between actual and predicted body-water compartment was 
calculated, which indicates the error of an individual 
prediction (= "error"). Level of significance was determined 
as a P value < 0.05. 
Results  
There was no significant difference in pulmonary function 
between the first group in which the prediction equations 
were built (group 1) and the group in which cross-validation 
was performed (group 2), but body composition was differ- 
ent between the groups. TBW and ECW were significantly 
higher in group 2, but ratio ECW/TBW was comparable 
between the groups (Table 1). 
The regression equations for the prediction of TBW 
and ECW using the RI are demonstrated in Table 2. With 
respect to the prediction of TBW, the regression equations 
were significantly different for men and women, but this 
was not the case for the prediction of ECW. The partial 
correlation between the RI (height2/Rthw) and TBW (ad- 
justed for the correlation with ECW) was still statistically 
significant in men, but not in women. The partial correlation 
between the RI (height2/Recw) and ECW (adjusted for the 
correlation with TBW) was not statistically significant. 
The patient specific resistivity coefficients based on 
emulsion sciences calculated in group 1 (pECW: d 169, 
$ 166, plCW: d 1067, ~ 1256) deviated considerably from 
the resistivity coefficients provided in the software by the 
manufacturer (pECW: d 215, 9 206, pICW: d 824, $ 797). 
The predicted TBW using both the RI or the software of 
the BIS was not statistically significant from actual in men 
(Table 3). Also there was no significant difference between 
predicted TBW using the RI and actual TBW in women. 
ECW in men was best predicted by the software of 
the BIS, since there was a greater bias in the prediction of 
ECW using the RI, as shown in Table 3. Predicted ECW 
in women was not statistically different from actual ECW 
using both the RI or the software of the BIS and resulted 
in a comparable bias. 
Statistical analysis revealed that the prediction of 
TBW or ECW using the RI involved a systematic fault 
(Fig. 1). TBW minus predicted TBW correlated signifi- 
cantly to mean TBW in both males (r -- 0.68, P < 0.001) and 
females (r = 0.88, P < 0.01). Also ECW minus predicted 
ECW correlated significantly to mean ECW in both males 
(r = 0.76, P < 0.001) and females (r = 0.78 P < 0.05). In the 
Table 2 Prediction equations using the resistivity index (Height2/resistance) in BIS 
RI with intercept slope r SEE P-value partial r* P-value 
d' Rtbw 10.7882 0.3653 0.82 2.21 <0.001 0.72 <0.001 
~? Rtbw 12.1960 0.2910 0.73 2 .69  <0.01 0.38 0.19 
d + $ Recw 6.8641 0.1668 0.65 1.60 <0.001 0.22 0.21 
RI: resistivity index (height2/resistance); r: correlation; SEE: standard error of estimate. 
*partial r = the correlation adjusting for the correlation between TBW and ECW. 
Table 3 Mean actual and predicted body water compartments for men and women separately 
Men Women 
r B E r B E 
Actual TBW 35.6 _+ 4.6 29.3 + 4.2 
RI 36.2 + 2.8 0.85** 0.68 2.6 28.9 _ 1.8 0.85* 0.30 2.9 
Emulsion 36.1 + 4.8 0.88** 0.49 2.3 34.0 ± 4.2** 0.91" 4.79 1.8 
Actual ECW 15.8 _+ 1.9 12.6 _+ 1.6 
RI 13.8 ± 0.8** 0.63** 1.93 1.6 12.2 + 0.8 0.73 # 0.34 1.2 
Emulsion 15.8 +_ 1.9 0.75** 0.08 1.4 12.9 ± 1.8 0.661 0.33 1.4 
#P < 0.05, *P < 0.01, **P < 0.001, Ins: P = 0.08. 
r: correlation between actual and predicted body water compartment; B: bias = mean difference 
between actual and predicted body water compartment; E: error = SD of mean difference; 
TBW: total body water; ECW: extracellular water; RI: predicted volume using the resistivity index 
(height2/res); Emulsion: predicted volume based on emulsion sciences. 









t s  
B W p r e d  I L l  2$  , o  
• . ~  
• ~ ~ ~ t e  • 1 s 
, , , , ,  , 
20 25 30  35  4 0  45  5 S 
TBW (L )  
~WL~recJ (L )  0 .60 !CW~I]TBW ,1 0.60 E--CWAJTBW(~ 
° . s o  - 0 . so  
* o .45  I- o o . , n  
e , , * * •  • 
o 
. . . .  . . . • : . . .  o.,o ~°°.°" ":'° 
0.3S - 0*35 "* 
o 30 0.3o f I I I I I 
I l r 0 30  0 35  0 4 0  0 45  0 $0 ° 55  0 60 0 .30  0 .35 0 ,40 0 .45 0 ,50 0 ,55 0 .60  
t o  15  20  2 s 
ECWITBW ECW/TBW 
















3W * ";'B Wpr  ed  (L)  
o . . .  
I I • 1  I 
20  25  30  3 s  
o 
o ° • , 
I I I sPs 
40  45  50 
mean TBW (L)  
;W - E C W p r e d  (L)  
• • 
5,: 
* e e  
o • •  
v - -  
o 
• o  
r i i i 
1o  I s  20  25 
Fig. 1 Results of cross-validation based on the resistivity index, 
(©) = women. 
o * o  " : - e ~ d v e w . ,  
o.ss / ~  
o .so  * 
0.40 
0.~S 
r I 0.30 
0 .30 0 .35 0 .40 0 .45 0.50 0 .55 0 .60 
o.~o E-cv~drew~,,, 
o . s s  
o .so  
. ° i , :  
° .40  
0.35 
0.30 
0 .30  0 .35 @.40 0 .45 0 .50  0 .55 0 .60  
ecwFsw E C W F B W  
Fig. 3 Correlation between actual ECW/TBW and predicted 
ECW/TBW; (O) = women; RI  = predicted body water  compartment based 










l S  I 
ts  2o  
~Wpred (L)  25 
' ' ' ' 2 2 ' 5  ° 25 30  35  40  S 0 S 
T BW {L )  
~Wpred (L)  
I I 21o I 
1o  15 2s  




BW - T e W p r e d  {L)  
~ ® e ° ®  
• ~. ° 
o o  % *  
I I [ I I I I I 
2o  2 s  3o 35 40 4 5  S0 SS 
m e a n  T B W  (L)  
c w  - ECWl~red (L )  
o "  
o 
o s. 
¢ o .  : . . .  
o • 
-2 * • • 
o 
-3 
-4  I 
10  15 
F i g .  2 Results of cross-validation based on emulsion sciences; 
(O) = women. 
I I 
20  25 
r a N ,  ECW (L) 
prediction of TBW and ECW based on emulsion sciences 
there were no such systematic faults (Fig. 2). 
Actual ECW/TBW was compared to the four ratios 
predicted ECW/predicted TBW. This is shown in Figure 3. 
In men, the predicted ratio ECW/TBW based on the RI 
(ECWRI/TBWR~: 0.38 -+ 0.01) was significantly different 
from actual ECW/TBW (0.45 _+ 0.04, P < 0.001). In fact, 
the best estimation of ECW/TBW was obtained by 
ECWBM/TBWEM (predicted ECW/TBW based on emulsion 
sciences: 0.44 _+ 0.03, bias: -0.004, error: 0.04), bu t  the 
correlation between actual and predicted ECW/TBW was 
not strong (r = 0.44, P < 0.05). ECWEM/TBWR~ was also 
not significantly different from actual (0.44 _+ 0.03), how- 
ever, it did not correlate to actual ECW/TBW (r = 0.11, ns). 
ECWpd/TBWEM (0.39 + 0.04) was significantly different 
from actual ECW/TBW in men. 
In women, both ECWRI/TBWEM (0.36 _+ 0.03, P < 0.01) 
and ECWEM/TBWEM (0.38 _+ 0.02, P < 0.05) were signi- 
ficantly different from actual ECW/TBW (0.43 + 0.05). 
ECWRr/TBWRI (0.42 _+ 0.01) was not significantly different 
from actual, but did not correlate significantly with actual 
ECW/TBW (r =-0.48,  ns). Also ECWEM/TBWRI (0.44 _+ 
0.04, bias: 0.01, error: 0.08) was not significantly different 
from actual ECW/TBW; however, this predicted ratio 
only tended to correlate (r = -0.69, P = 0.06) with the actual 
ratio ECW/TBW. Moreover, as can be seen in Figure 3, 
this relationship was reversed. 
Discussion 
This study shows that in stable COPD patients, predicted 
TBW using bio-electrical impedance spectroscopy is not 
significantly different from actual TBW. The bias and error 
in the prediction are, however, comparable to that of the 
prediction of TBW by bio-electrical impedance measure- 
ment at 50 kHz. Predicted ECW using BIS-measurements 
was not significantly different from measured ECW, but 
the error in the prediction was relatively large and the corre- 
lation between predicted and actual ECW relatively low 
compared to most studies in healthy subjects. Therefore, 
predicted ECW/TBW by BIS was only weakly correlated 
to actual ECW/TBW. In men ECW and TBW were best 
predicted (the least bias, error and/or systematic fault) using 
equations built on emulsion sciences and patient specific 
resistivity coefficients (24, 25), which incorporate the in- 
fluence of conductive as well as non-conductive elements 
in the body. TBW predicted using the formulae based on 
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the emulsion sciences in women resulted in a significant 
bias, but we recognize that conclusions concerning the 
female COPD patients in this study must be handled care- 
fully, since the number of women in the cross-validation 
was small. 
Single frequency measurement studies using the resistance 
at 50 kHz in health and disease 
Several validation studies in the late 1980s and early 1990s 
in healthy adults have shown that bio-electrical impedance 
at 50 ld-Iz, using similar measurement conditions as in 
the present study, generally results in a good correlation 
with TBW with standard errors of estimates (SEE) ranging 
from 1.4 to 3.5 L (1). In a previous study (27) it was shown 
that BIA at 50 kHz was a useful measurement to predict 
TBW in clinically stable COPD patients with a SEE of 
only 1.8 L. 
In general, also in other clinical situations, BIA at 
50 kHz was found to produce valid estimates of TBW. In 
some studies involving patients on dialysis, fluid loss could 
be reasonably well estimated with BIA (28, 29), although 
sometimes TBW was poorly predicted (30). Studies in 
patients with growth hormone deficiency (31), patients 
with cystic fibrosis (32, 33), malnourished or obese subjects 
(34), patients with acromegaly (35) or anorexia nervosa (36) 
showed that the estimation of body composition with BIA 
was valid. In contrast, in Crohn's disease BIA was found 
to overestimate TBW significantly by 5.9 (_+ 1.1)% (37). 
In cancer patients Simons et al (38) found that height2/resis - 
tance at 50 kHz was a good predictor of TBW (r z = 0.85, 
SEE 2.2 L), but that TBW was overestimated in mal- 
nourished lung cancer patients. In a recent editorial (39) it 
was discussed that BIA at 50 kHz seems able to predict 
TBW in a wide range of conditions. 
The use of the resistance or impedance at 50 kHz to 
measure the resistance of TBW is derived from the work 
of Nyboer (40) who determined that this was the critical 
frequency (= frequency when the reactance reaches the 
maximum value) of muscle tissue. With respect to the 
fact that probably only at frequencies higher than 100 kHz 
the current flows through all body tissues, the resistance 
at 50 kHz seems to be suboptimal to measure the resistance 
of TBW (4, 5). Furthermore although, as summarized 
above, single frequency BIA measurements at 50 kHz seem 
to estimate TBW reasonably, information concerning the 
distribution of water in intra- and extracellular compart- 
ments is not.provided. 
Multifrequency BIA and BIS studies in health and disease: 
prediction of TBW 
Studies from the 1990s until now, investigating the pre- 
diction of ECW and TBW using multifrequency BIA or BIS 
in healthy subjects, in general using similar measurement 
conditions as the present study, demonstrated promising 
results (10-15, 24). Using prediction equations including 
multifrequency BIA (resistance > 100 kHz) or BIS (Rtbw) 
measurements: height2/resistance (or impedance), and/or 
other variables in the regression equation, the variance in 
TBW ranged from 83% to 98%, with a SEE between 1.2 L 
and 3.6 L (10-15, 24). In one study (15), double sided 
and proximal measurements were used, but these different 
measurement conditions did not improve the prediction. 
Furthermore, Rtbw was used instead of a fixed (high) 
frequency in the latter study (15), but this also did not 
result in a significant improvement of the prediction of 
body-water compartments by BIS. In contrast, in a study 
by Cornish et al (41) in rats it was found that the impedance 
at the critical frequency resulted in a better prediction of 
TBW with a lower variation coefficient (5.9%) compared 
to the variation coefficient in studies with a fixed frequency. 
It can be concluded from the results of all these studies, 
however, that the SEE of the predicted TBW obtained by 
multifrequency BIA or BIS is comparable or only a slight 
improvement of the prediction of TBW resulting from the 
measurement at 50 kHz as summarized earlier above. 
In the present study, performed in clinically stable 
COPD patients cross-validation showed that the best pre- 
dicted TBW (with the least bias, error and/or systematic 
fault) was obtained by the prediction equations based 
on emulsion theories in men, and the equation based on 
height2/Rtbw in women. Predicted TBW correlated signi- 
ficantly to actual TBW (d:  r = 0.88, ~?: r = 0.73), and there 
was no significant difference. The error could amount 
to 2.3 L in men and 2.9 L in women. In addition, the 
prediction of TBW in women and men using the resistivity 
index involved a systematic error: with a higher TBW the 
difference between actual and predicted TBW became 
larger. Compared to the prediction of TBW using the BIS, 
the correlation coefficient between actual and predicted 
TBW using BIA at 50 kHz (and a COPD-specific regression 
equation from Schols et al [27]) was even better (r = 0.91) 
however, and the error amounted to 2.2 L, with no syste- 
matic error. It can therefore be concluded that BIS did 
not improve the prediction of TBW by BIA at 50 kHz in 
this study. This is difficult to explain from a theoretical 
viewpoint, but could be due to the fact that Rtbw is not 
actually measured, but obtained by calculations (based on 
a model). As mentioned above, there are no studies clearly 
demonstrating a lower SEE in the prediction of TBW using 
Rtbw or the resistance at high frequency compared to SEE 
of the prediction of TBW at 50 kHz reported in numerous 
studies. 
Multifrequency BIA and BIS studies in health and disease: 
prediction of ECW 
In studies performed in healthy subjects, using general 
comparable measurement conditions as in the present study, 
the prediction equations of ECW including either multi- 
frequency BIA (resistance at 1 or 5 kHz) or BIS (Recw) 
measurements resulted in an r z ranging from 0.74 to 0.96 
(10-15, 24) with an SEE between 0.6-1.75 L. Validation 
studies of multifrequency BIA or BIS in disease are limited, 
which is surprising since the accuracy of the prediction 
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of ECW and TBW should particularly be studied in popu- 
lations in which fluid shifts can occur. In surgical patients 
Hannah et al (42) found that predicted ECW was not 
derived from the resistance measurement at 5 kHz, but in 
stepwise regression analysis the reactance at 50 kHz was 
chosen as a better predictor of ECW. It was also found in 
these surgical patients (after cross-validation) that predicted 
ECW declared 86% of the explained variation in actual 
ECW, but that SEE was 1.7 L. A study of Sergi et al (43) 
showed that in patients with fluid retention states ECW 
was correlated (r 2 of 0.74) with height2/resistance at 1 kHz, 
whereas in healthy persons r 2 was 0.85. Sergi et al (43) 
found a difference between healthy and sick subjects in 
the intercept of the regression line and suggested that there 
is a difference in body conductivity when water disorders 
occur .  
In the present study the best prediction of ECW re- 
sulted in a relatively great error of 1.4 L in both males 
and females, and there was a low correlation (range 
r: 0.63-0.77) between actual and predicted ECW compared 
with the previously described studies. Particularly in men, 
ECW seemed better predicted (less bias, error and syste- 
matic fault) using the equations based on emulsion sciences 
(including patient-specific resistivity coefficients). Again, 
prediction of ECW using the resistivity index resulted 
in a significant systematic error (with increasing ECW, the 
difference between actual and predicted ECW became 
larger). 
It appears that ECW in this study was not predicted 
very accurately, which is not surprising since the partial 
correlation (correlation between ECW and RI, when the 
intercorrelation between TBW and ECW is accounted for) 
was not statistically significant in the group of patients used 
to derive the prediction equations. In the few other studies 
in healthy subjects in which the partial correlation between 
ECW and prediction variables was calculated, significant 
correlations could be found (10, 12). 
Prediction of fluid shifts 
The ratio ECW/TBW ranged from 36% to 56% in the 
studied COPD patients, which is comparable to the study 
by Hannan in the surgical patients (42), whereas in the 
healthy subjects of the study of Marken Lichtenbelt et al 
(15) ratio ECW/TBW ranged from 39% to 48%. The error 
in the prediction of TBW, accompanied by the error in the 
prediction of ECW, and the relatively low correlation 
between actual and predicted ECW, probably caused the 
poor prediction of the ratio ECW/TBW. Mean predicted 
ECW/TBW based on emulsion sciences in the studied male 
COPD patients was not significantly different from actual 
ECW/TBW, but only a weak correlation between actual 
ECW/TBW and predicted ECW/TBW was found. To our 
knowledge no other clinical study has yet tested whether 
the errors in predicting ECW and TBW are small enough 
to predict the ratio ECW/TBW. 
The reason for the inaccuracies in the prediction of 
TBW and especially ECW are probably partly due to the 
underlying assumptions and problems inherent to bio- 
electrical impedance. These are the errors incorporated 
in the prediction formulae caused by inaccuracies of the 
reference methods to calculate ECW and TBW (5) and the 
not entirely correct assumption that the body is an isotropic 
conductor with a uniform length and cross-sectional area, 
as explained in the review by Kushner (1). Also, possibly 
the assumptions and constants incorporated in the equations 
based on the theory of Hanai need reconsideration in 
order to improve the prediction accuracy. Furthermore, in 
diseases such as in COPD, physiological processes (varia- 
tions of ionic concentrations, osmotic pressure, membrane 
function) may influence resistivity, which are not accounted 
for by BIS in the presently used theories and/or equations. 
In summary, TBW predicted by BIS in COPD patients 
is comparable to, but not an improvement of, the previously 
published prediction of TBW using BIA at 50 kHz. In 
general, ECW and TBW were best predicted using the 
theory of Hanai (25) based on emulsion sciences, which 
corrects for non-conductive material in the body, but 
individual differences between actual and predicted ECW 
could still amount up to 3 L. Because of these errors, the 
correlation between actual and predicted ratio ECW/TBW 
was weak, and the prediction demonstrated a relatively 
large error. It can therefore be concluded that the analysis 
of BIS needs to be improved in order to predict fluid shifts 
in COPD patients. 
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